To investigate the effects of microgravity on murine skeletal muscle fiber size, muscle contractile protein and enzymatic activity, female C57BL/6J mice, aged 64 days were divided into Animal Enclosure Module ground control (AEM) and Space Flight (SF) treatment groups. SF animals were flown on the Space Shuttle Endeavour (STS-108/UF-1) and subjected to approximately 11 days and 19 hours of microgravity.
INTRODUCTION
Skeletal muscle demonstrates a remarkable ability to adapt to alterations in activity level through the coordinated regulation of a wide variety of muscle-specific genes.
Sustained reductions in muscle activity, via spinal cord transection, hindlimb suspension, or exposure to microgravity conditions, result in a rapid and dramatic reduction in muscle fiber size combined with alterations in gene expression that result in muscle with a faster, more glycolytic contractile and biochemical profile (7, 20, 47, 51, 52) . The specific effects of microgravity exposure on skeletal muscle morphology and myosin heavy chain (MHC) gene expression have been most thoroughly investigated in rats, and to a lesser extent, monkeys and humans (3, 13, 16, 18, 19, 31) . These studies have indicated that the effects of microgravity exposure are most pronounced in slow, postural muscles such as the soleus, and that microgravity exposure results in significant muscle atrophy combined with alterations in MHC gene expression that result in increased expression of MHC-IIx and MHC-IIb and decreased expression of MHC-I (slow or beta-MHC) (3, 10, 13, 16, 19, 21, 31, 44, 47) .
These shifts in MHC isoform expression often result in an increased percentage of hybrid muscle fibers expressing a combination of MHC isoforms, including fibers that express both slow and fast MHC isoforms (30) . Functionally, it has been demonstrated that these adaptations in response to microgravity exposure result in a significant decrease in maximal isometric tension production combined with a significant increase in maximal shortening velocity (10) . Given that microgravity exposure induces a slow to fast shift in MHC isoform expression and that fast MHC isoforms expression is typically correlated with a glycolytic, non-oxidative pattern of muscle enzymatic activity, it might be predicted that spaceflight would also result in a decreased expression of oxidative enzymes. Previous studies have The response of murine skeletal muscle to unloading conditions, however, has been less well studied. A few studies have investigated hindlimb suspension in mice (11, 15, 27, 36) , but none has investigated the effects of microgravity exposure in the mouse. While the data are limited, previous investigations have revealed that, as with other mammalian species, the murine soleus is the most responsive to decreased muscle activity. It has been shown that two weeks of hindlimb suspension results in a significant reduction in murine soleus mass, muscle fiber cross-sectional area, and tension production (27) (27) . Finally, no study to date has reported on the effects of unloading conditions on mouse skeletal muscle enzymatic makeup.
With the completion of the murine genome and the establishment of mice as the transgenic model of choice, it is important to study the adaptational response of murine skeletal muscle to a wide range of increased/decreased activity states, including the unloading conditions of microgravity. Investigation of the murine response to microgravity exposure also serves to broaden our overall understanding of muscle adaptation, as murine muscle gene expression is not identical to rat, monkey, or human gene expression.
Therefore, the purpose of this study was to evaluate muscle fiber size, MHC isoform protein expression, and muscle oxidative capacity via analysis of citrate synthase activity, in murine skeletal muscle subjected to nearly12 days of microgravity exposure aboard the Space Shuttle Endeavour.
METHODS
Microgravity Exposure and Animal Care. As described previously (24, 39) , female C57BL/6J mice were divided into Baseline, Animal Enclosure Module (AEM) control, and space flight (SF) groups (n = 12 per group). Baseline animals were housed in standard micro-filter topped animal cages and given access to food and water ad libitum. These animals were maintained in an approved animal care facility at the Cape Canaveral Air Force Station (Cape Canaveral, FL) on a 12 h light/dark cycle. SF mice and AEM ground control mice were housed in AEMs developed and maintained by the NASA Ames Research Center (Moffett Field, CA) specifically for the transport and housing of animals in zero gravity.
Mice had access to food and water ad libitum and were provided with constant airflow. Baseline animals were sacrificed at 64 days of age and served as a pre-flight, baseline control group (n = 12). AEM control and SF animals were sacrificed at 77 days of age.
Following sacrifice, animal mass was recorded and the triceps surae (gastrocnemius, plantaris, and soleus) of each mouse was dissected and frozen in liquid nitrogen-cooled isopentane.
Immunohistochemistry. To preserve resting muscle length, muscle samples were attached to corkboard with OCT media (Sakura Finetek U.S.A. Inc., Torrance, CA) prior to freezing. 10 m thick serial sections were cut from the belly of the muscle with a Cryostat
Microtome Tissue Tek II, fixed to gelatin coated slides, and stored at -20 C until use.
Immunohistochemistry was performed as described previously (2) . Briefly, muscle sections were air dried for 20 minutes and then incubated in a permeabilizing/ blocking solution (P/BS) (0.12% BSA, 0.12% NFDM, 0.01% Triton-X-100 in PBS) containing 0.05% normal goat serum (NGS). For fiber type analysis, the blocking solution also contained an antilaminin antibody (final concentration of 0.02%) to aid in muscle fiber visualization.
Blocking was performed for 1 hour at 4 C in a humidifying chamber. Tissue sections were incubated in secondary antibody for 1 hr at room temperature, followed by numerous washes with PBS. For bright field analysis, immunostaining was visualized using a peroxidase diamino-benzidine (DAB) reaction kit (Vector labs, Burlinghame, CA) Analysis of citrate synthase activity was performed as described previously (46) . Briefly, the gastrocnemius was dissected and rapidly frozen in liquid nitrogen. Frozen tissue was then weighed and homogenized with a glass homogenizer on ice in 100mM Tris-hydrochloride at a constant weight-to-volume ratio. Sample homogenate was then added to a reaction mix of 100 mM Tris-hydrochloride, 1.0 mM dithio-bis (2-nitrobenzoic acid), and 3.9 mM acetyl coenzyme A. Following addition of 1.0 mM oxaloacetate, absorbance at 412 nm was recorded for a 2-minute period. Mean absorbance change per minute was recorded for each sample, and citrate synthase activity in mmol/minute/g was then calculated using an extinction coefficient of 13.6.
Statistical analysis. All data are reported as mean ± SEM. Statistical significance was determined for all measures with a one-way analysis of variance (ANOVA) combined with the Fisher's least squares differences post-hoc test. Statistical significance was set at p < 0.05.
RESULTS

Body Mass and Heart
Mass. Pre-flight body mass values were not significantly different for the three groups (Baseline, AEM Control, and SF) ( Figure 1A .) Space flight animals lost 5% in body mass during the 12 days of microgravity exposure, while AEM control animals gained 4% in body mass during this time. As reported previously (24) , at the time of sacrifice, mean SF body mass was significantly reduced compared to AEM control ( Figure 1A ). Absolute heart mass was significantly increased for the AEM animals compared to both Baseline and SF at time of sacrifice ( Figure 1B ). Normalized heart mass (heart mass/post-flight body mass) was not significantly different across groups ( Figure 1B) .
Muscle Fiber Size. In the gastrocnemius, microgravity exposure resulted in significant atrophy of muscle fibers expressing MHC-I, MHC-IIa, MHC-IIx, and MHC-IIb (Figure 2A ). In the plantaris, muscle fiber CSA was significantly reduced for SF compared to Baseline and AEM control for all muscle fibers (Fewer than 10 MHC-I expressing fibers were observed in any animal from any group; thus these fibers were not included in the CSA analysis; Figure 2B ). For the soleus, microgravity exposure resulted in a significant reduction in mean muscle fiber CSA of fibers expressing both MHC-I and MHC-IIa 
DISCUSSION
The adaptational response of the musculoskeletal system to a state of reduced activity is well documented using a number of animal models, including spinal cord transection, hindlimb suspension, and microgravity exposure (7-10, 16, 20, 30, 31, 47, 51, 52) . These paradigms consistently demonstrate a reduction in muscle size attributed to muscle fiber atrophy and a shift in muscle gene expression that results in increased expression of the faster MHC isoforms (8, 9, 16, 30) . With respect to microgravity, these muscle adaptations have been investigated to varying degrees for rats (9) , monkeys (30, 38) , and humans (16), but not mice. Given the relative lack of investigation into the murine response to skeletal muscle unloading combined with the increasing use of transgenic mice to investigate a wide range of biological questions, the purpose of this study was to investigate the effects of microgravity exposure on murine skeletal muscle fiber size, MHC isoform protein expression, and muscle oxidative capacity.
Body and heart mass. As reported previously (24), 12-days of microgravity exposure led to a significant decrease in body mass of the SF animals compared to AEM ground-based control animals ( Figure 1A ). Specifically, AEM control animals gained 4% in body mass during the 12-day study period, while the space flight animals lost 5% in mass during this time. This finding is consistent with previous rat and human studies that have demonstrated either a reduction in body mass or decreased growth during spaceflight (25, 45) , but inconsistent with other rat studies showing that body mass was either not changed or increased with microgravity exposure (5, 12, 14, 40, 53 (24) . Data collected from the SF and AEM modules revealed that the ambient temperature for the SF animals was elevated compared to AEM ground control due to unanticipated recirculation of airflow onboard the space shuttle within the individual AEM units (24) .
Furthermore, both water and food intake were significantly reduced for the SF animals (24), which, combined with a higher ambient temperature likely led to animal dehydration and decreased body mass.
Muscle fiber size.
It is important to note that the CSA results are, in part, confounded by the loss in body mass observed for the SF animals. It is clear that the AEM control animals gained mass during the 12-day study period ( Figure 1A ). This growth is evident in the muscle fiber CSA results, which indicate larger mean fiber areas for AEM control versus Baseline ( Figure 2 ). This loss of body mass for the SF animals combined with the gain of mass for AEM control and the muscle fiber CSA results indicate the interplay of two factors that result in the observed mass and CSA differences: lack of growth and atrophy of existing muscle. Our data indicate that during the 12-day study period, the SF animals did not grow larger as did the ground-based control animals. Overall, the observed reductions in muscle fiber CSA were significantly greater than those seen for body mass (10-30% decrease for fiber CSA vs. 9% for body mass), indicating that changes in body mass do not completely explain the reported decreases in muscle fiber CSA, and that the SF animals lost muscle mass and muscle fiber size due to unloading and disuse. Our results also demonstrate significant atrophy of muscle fibers expressing each of the MHC isoforms in the murine gastrocnemius, plantaris and soleus ( Figure 2 ). As noted previously, microgravity-induced muscle fiber atrophy was most dramatic for the soleus, and for MHC-I and MHC-IIa expressing fibers (see Figure 3) . The finding that the soleus was more affected by microgravity conditions than either the gastrocnemius and plantaris is consistent with rat and human data for both microgravity exposure and hindlimb suspension (10, 11, 16, 26, 27, 36) . The mechanism by which disuse paradigms preferentially affect the soleus is unknown at this time. There is evidence that hindlimb suspension and microgravity exposure result in increased protein degradation via the ubiquitin-proteosome pathway in both rat and mouse models ( "fast" end of the fiber type continuum, irregardless of body size and initial fiber composition, the adaptation seen in mice will be less than that seen in primates or rats (see Figure 7) .
It is also important to note that the immunohistochemical analysis used may not have been sensitive enough to detect small, but significant changes in MHC isoform expression. Muscle Oxidative Capacity. While the changes in MHC isoform expression in response to spaceflight or hindlimb suspension conditions are well established for the rat, monkey, human, and, with the addition of the current study, mouse (3, 10, 13, 16, 19, 21, 31, 44, 47) , the adaptive responses of the oxidative and glycolytic enzymatic pathways are less well characterized (4, 17, 35, 49) . Previous studies in the rat have yielded conflicting results, with evidence that microgravity exposure results in either no change, increased muscle oxidative capacity, or decreased oxidative capacity combined with increased expression of key glycolytic enzymes such as hexokinase (4, 17, 35, 49) . Here, we demonstrate that 12 days of microgravity exposure in the mouse results in a significant decrease in citrate 
